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ABSTRACT
The purpose of this paper is to describe an important step of creating a flexible
manufacturing system, that is, the computer control of a material handling system using
hierarchical control concepts.
A Flexible Manufacturing System (FMS) consists a group of processing stations,
interconnected by means of an automated material handling and storage system, and
controlled by an integrated computer system (Groover, 1987). A completed automated
material handling system is an essential component in a flexible manufacturing system.
The goal of building a completely automated system is reached by using advanced control
equipment such as Personal Computers (PCs) and Programmable Logic Controllers
(PLCs). Powerful software, such as communication software packages and high level
languages run on PCs also play an important role.
This paper will discuss the following topics:
1. Flexible Manufacturing Systems.
2. Hierarchical Control Concepts.
3. The control technique of a completely automated material handling system in a
flexible manufacturing cell.
CHAPTER 1 Introduction
The Manufacturing Technology (ManTech) Laboratory at Lehigh University is
equipped with many automated manufacturing tools. The following is a list of part of the
..,.,.
equipment.
1. Mini-Cartrac material handling system.
2. Automated storage and retrieval system (AS/RS).
3. K&T milling center.
4. CNC turning center.
5. Robot.
Each piece of equipment listed above is capable of being operated via
programmable control. The goal of Lehigh University is to integrate these five pieces
of equipment into a Flexible Manufacturing Cell (FMC) that operates under the control
of a central computer. With one control point governing the operations of each
automated manufacturing component, the system in the ManTech Laboratory can be
operated as a completely automated flexible manufacturing cell. Figure 1.1 shows the
current layout of the cell.
1.1 System Description
1.1.1 The CaI1rac System
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Figure 1.1 System layollt
The primary material handling system for the flexible manufacturing cell being
constructed in the ManTech Laboratory is the Mini-Cartrac system. The system uses
carts and shuttles to link the ManTech Laboratory's automated storage and retrieval
system with the Kearney & Trecker milling center, CNC turning center and robot. The
cartrac system provides automated work-in process (WIP) storage, movement between
work stations, and fixture and tool changing support.
This material handling system was designed and built by SI Handling Systems
Incorporated and was acquired by the Department of Industrial Engineering at Lehigh
University in 1986. It consists of several carts that travel over tracks and three shuttles.
The operation of the cartrac system is currently controlled by four Programmable Logical
Controllers installed in this system. Various input devices such as mechanical switches
and photo sensors, and output devices, such as motors and solenoids that activate
pneumatic cylinders, are used to control the movement of the carts on the programmed
route (Lyou, 1990).
Individual carts are used to move the pallets. The carts ride on a two-railed track
supported by a frame that places the track a few feet above floor level (Figure 1.2). The
carts are not powered ind~vidually. Instead, they are driven by a rotating tube that runs
between the two rails. A drive wheel, attached to the bottom of the cart and set at a 45
degree angle to the center line of the rotating tube, rests against the tube and drives the
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Figure 1.2 Cart and track
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cart forward. When the drive wheel is perpendicular to the tube, the cart does not move.
Maximum speed is reached when the wheel is at a 45 degree angle to the tube.
The carts cannot turn at the corners of the track due to the design of the rail and
rotating tube. Therefore, three shuttles are used as auxiliary transportation devices to
transport a cart between two sections of the drive tubes. The shuttles can carry a cart
from the head of one section to the tail of another section.
The major purpose for the queuing station is to enable the user to set priorities
for the carts, to maximize the utilization of the machine tools, and to reduce the cycle
time of the product. Another purpose for the queuing station is to serve as a temporary
position for carts moving between the K&T milling machine and the robot. Due to a
physical limitation of the shuttle, a cart cannot move directly between that two machines.
1.1.2 Automated Storage and Retrieval System
An Automated Storage and Retrieval System (AS/RS) can be defined as a
combination of equipment and controls which handles, stores, and retrieves materials
with precision, accuracy and speed under a defined degree of automation (Groover,
1987). AS/RS systems range from relatively simple manually controlled order picking
machines operating in small storage structures to relatively complex, computer-controlled
6
storage/retrieval systems that are totally integrated into the manufacturing and distribution
process. A typical AS/RS system contains basic components listed as follows:
1. Storage structure.
2. Storage/Retrieval machine.
3. Storage module.
4. Pickup-and-deposit stations.
The Robostack Automatic Storage and Retrieval System in the ManTech
Laboratory is a single-aisle, twin row system. Figure 1.3 shows a schematic drawing
of the system.
The Robostack AS/RS system consists of two rows 12 levels high and 12 columns
(bays) long. The positions (bay, level and row) are labeled as shown in figure 1.3. This
AS/RS can be controlled manually or semiautomatically from the crane control panel or
automatically from an IBM 7552 industrial microcomputer. The AS/RS to cartrac
interface is located on the side, about midway down the aisle.
The transfer station interfacing the AS/RS and the cartrac is composed of a tum
table, a load arm and an unload arm. The turntable is used to give proper orientation
to the pallet as it is transferred between the different systems. It is also employed to
bridge a slight elevation gap between the cartrac and the AS/RS unit. The station
employs one arm to push the pallet onto the cartrac from the turntable, and another arm
7
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Figure 1.3 Robostack AS/RS layollt
to push the pallet back onto the table. Limit switches are used to determine the position
of the table and the load and unload arms, and two photocells are used to check for pallet
presence. All motion is produced pneumatically, with eight solenoid valves activating
the various operations.
1.1.3 Kearney & Trecker Milling Center
The Kearney & Trecker (K&T) Milling Center is a very large, complex NC
machining center that has been modified with a GE Mark Century 2000 computer
numerical control unit. A transfer mechanism controlled by a GE Series One Plus PLC
interfaces the K&T milling ma'chine and the cartrac system.
1.1.4 Programmable Logic Contl·ollers
A Programmable Logic Controller (PLC) is defined by the National Electrical
Manufacturers Association (NEMA) as: A digitally operated electronic apparatus which
uses a programmable memory for the internal storage of instructions for implementing
specific functions such as logic, sequencing, timing, counting, and arithmetic to control,
through digital or analog input/output modules, various types of machines or processes
(Groover, 1987). The basic components of a PLC are listed as follows:
1. Input/Output module
2. CPU
3. Programming device
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Programmable logic controllers are used in virtually every segment of industry
where automation is required. PLCs represent one of the fastest-growing segments of the
industrial electronics industry. Since their inceptio~, PLCs have proven to be the
salvation of many manufacturing systems which previously relied on electromechanical
control. The cartrac system in the ManTech Laboratory is controlled by three Allen
Bradley PLC/4s. A fourth PLC/4 controls the cartrac to AS/RS interface. As previously
mentioned a GE Serious One Plus PLC is responsible for the cartrac to K&T milling
center interface. These 4 PLC/4' s are connected via an Allen Bradley Loop to
coordinate the control activities.
1.2 Present Control Technique
1.2.1 Present Control Logic
Currently the cartrac is only used to move parts between the AS/RS and the K&T
milling machine. The cartrac system is controlled by three Allen Bradley PLC/4s and
three manual control stations. The PLCs are responsible for the logic sequence and the
manual control stations determine the direction of the cart. Each of the manual stations
contains a manual toggle s\vitch to change the route of the cart and two push button
switches, one to release the cart from a station and the other to provide an emergency
stop function. Since the system requires manual intervention, it is currently not a
completely automated system.
10
1.2.2 Limitations of the Current System
The limitations of the current control technique of the cartrae system are as
follows:
1. It is not a completely automated system. Manual control stations are required.
2. The direction of the cart has to be decided manually.
3. The functions of the system are limited.
4. The current ladder logic programs are difficult to program, modify and
understand.
5. The current control technique will not function in a completely automated flexible
manufacturing celli
6. The system has to start up with the carts at specific stations.
7. The control of the queuing station and the cartrac to robot interface is not
included in the current control logic.
1.3 Proposed Changes
1.3.1 Proposed Control Technique
The purpose for the proposed control technique is to create a completely
automated system that will function in a flexible manufacturing system. Therefore, the
proposed control technique adapts the hierarchical control concept which will divide the
11
"task into two categories: high level commands and low level commands. The high level
commands, which are programmed in C+ + on a supervisory computer, will determine
the route of the cart by properly sequencing the low level commands. The high level
commands require little knowledge of the physical hardware because that will be the
responsibility of the low level commands, which are programmed in the PLC. The low
level commands, which divide the original very large ladder logic program into
independent small segments, will deal with sequencing physical hardware.
It is also suggested that the three Allen Bradley PLC/4s which control the body
of the cartrac system, namely PLC Ill, 112 and 113, be replaced by one GE Serious One
Plus PLC. A remote I/O technique is suggested to meet the control requirements and
integrate into the present wiring structure.
1.3.2 Low Level Commands
The original, very large and complicated ladder logic program is separated into
many smaller, independent ladder logic programs which are called low level commands.
Each of the independent programs will control the motion of a cart or a shuttle between
.'
two adjacent stations. The low level -commands deal directly with sequencing the
physical hardware without considering the sequence of the cart on a system level. They
are concerned with hardware such as limit s\\·itches. solenoids and motors, etc. The
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sequence of low level commands is determined by commands from the supervisory
computer.
In the proposed system, 23 low level commands are defined to move carts or
shuttles between two adjacent stations. The program in PLC/4 114, which controls the
AS/RS to cartrac interface, is not changed. The program in the GE Serious One Plus
PLC, which controls the cartrac to K&T milling center interface, also remains
unchanged. The three Allen Bradley PLC/4s, namely PLC III ,#2 and #3, which
controlled the body of the cartrac system are to be replaced by one GE Serious One Plus
PLC using remote I/O. The CPU position is at the original PLC/4 #3 position and the
two remote I/O racks are located at the original PLC/4 III and 112 position. By using a
single PLC with remote I/O, the loop of PLCs and the flag bits are no longer needed and
the change in system wiring can be minimized. Details of the low level commands will
be discussed in chapter 3.
1.3.3 High Level Commands
The high level commands are implemented via a program written in C++ on a
personal computer, which acts the supervisory computer. The high level commands
sequence the low level commands to control the system as the operator desires.
Therefore, little knowledge of the physical hardware is required. This design also
eliminates the manual control stations and builds a completely automated system.
13
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Currently 21 high level commands are defined to move carts between any two
stations in the system or to keep the carts moving in the system loop, which contains
stations #3, #4, #5, #6, #7, #8 and #9. The 21 high level commands are:
O. No command.
1. From AS/RS to K&T milling machine.
2. From AS/RS to robot. .
3. From AS/RS to queuing station.
4. From AS/RS to loop.
5. From queuing station to K&T milling machine.
6. From queuing station to robot.
7. From queuing station to AS/RS.
8. From queuing station to loop.
9. From K&T milling machine to AS/RS.
10. From K&T milling machine to robot.
11. From K&T milling machine to queuing station.
12. From K&T milling machine to loop.
13. From robot to AS/RS.
14. From robot to K&T milling machine.
IS. From robot to queuing station.
16. From robot to loop.
17. From current station to K&T milling machine.
1S. From current station to robot.
1.+
19. From current station to queuing station.
20. From current station to loop.
21. From current station to AS/RS.
Detailed descriptions of the high level commands will be given in chapter 4.
1.3.4 Cell Controller and System Interface
The cell controller is the main control device in the flexible manufacturing
system. It should be able to communicate with all control devices in the system. The
cell controller will communicate with the PLC through user supplied software.
The long term goal is to integrate the automated manufacturing equipment in the
ManTech Laboratory to create a flexible manufacturing cell. Figure 1.4 shows the
proposed architecture of the cell. This cell is structured as a two-layered hierarchy of
devices. The cell controller, represented as the higher level computer, has the capacity
of real-time multi-tasking to sequence and control the cartrac, AS/RS, robot, CNC
turning center and K&T milling center. The AS/RS is currently under the control of the
cell controller. This research will provide the framev,!ork to allow the control of the
cartrac to be added to the cell controller.
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Figure 1.4 The architecture of the flexible manufacturing cell
1.3.5 Benefits of the Proposed Control Technique
The benefits of the new technique are:
1. It creates a completely automated system. Manual stations are no longer needed.
2. It will fit in and, is an important part of, a flexible manufacturing cell.
3. The system can start up with carts at any stations in the system without system
error.
4. The high level commands control the route of the cart by sequencing the low level
commands and thus need little knowledge of the hardware.
5. The logic sequence of the high level commands and the route of the cart can be
easily changed by linking the low level commands in different sequences.
6. The originally very large ladder logic program is divided into small independent
parts. Each part can transfer the cart betweelJ two stations without having to
consider the sequence of the cart at a system level.
7. The code for each low level command can be easily modified without affecting
the other parts of the program. It is also easier to understand and debug.
8. Using one PLC and remote lIOs instead of three PLCs will eliminate the flag bits
and the communication loop between PLCs.
9. The efficiency of the system is increased, the energy consumption is reduced, the
lead time for products is shortened and the utilization of the machine tools is
maximized.
10. Priority rules of carts are implemented.
17
CHAPTER 2 Survey of Literature
2.1 Flexible Manufacturing System
A flexible manufacturing system (FMS) consists of a group of processing stations,
interconnected by means of an automated material handling and storage system, and
controlled by an integrated computer system (Groover, 1987). What gives the FMS its
name is that it is capable of processing a variety of different types of parts
simultaneously under NC programmable control at the various workstations. FMS is
sometimes used to denote the term Flexible Machining System. A variety of other names
has been given to these systems, including Variable Mission Manufacturing (VMM) and
Computerized Manufacturing System. The machining process is presently the largest
application area for FMS technology.
Flexible manufacturing systems were first introduced around 1970. Owing to the
very high cost of these systems (several million dollars per FMS), there were only about
a dozen of these systems installed by the end of 1980. However, the FMS offers such
a high potential for productivity improvement in batch manufacturing that the number of
installations is expected to grow substantially during the 1990s. The FMS represents an
important step in the evolution of the computer-automated factory of the future (Groover
and Zimmers, 1984).
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2.1.2 Components of the FMS
The basic components of a flexible manufacturing system are (Groover, 1987):
1. Processing stations. In present-day application, these workstations are
typically computer numerical control (CNC) machine tools that perform
machining operations on families of parts. However, flexible manufacturing
systems are being designed with other types of processing equipment, including
inspection stations, assembly workheads, and sheet metal presses.
2. Material handling and storage. Various types of automated material handling
systems are used to transport the workparts and subassemblies between the
processing stations, sometimes incorporating storage into the function.
3. Computer control system. Computer control is used to coordinate the activities
of the processing stations and the material handling system in the FMS.
4. Human labor. Human beings are needed to manage the operation of the
FMS. Functions typically performed by people include loading raw workparts
onto the system, unloading finished parts from the system, changing and setting
tools, equipment maintenance and repair, NC part programming and operating the
computer systems.
2.1.3 Application of the FMS
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Flexible manufacturing systems are considered to fill a gap between high-
production transfer lines and low production NC machines. The relative position of the
FMS as a means of production is shown in figure 2.1. For high volume and output
rates, transfer lines represent the most efficient method. The limitation of the transfer
line is that variations in product configuration can not be easily tolerated. A substantial
redesign of the product may render this mode of production obsolete. On the other hand,
stand-alone NC and CNC machines can accommodate changes in part configuration, but
the production rates are substantially lower and the parts are usually made in batches.
In terms of manufacturing efficiency and productivity, a gap exists between the high-
production transfer line and the highly flexible NC machines. The solution to this mid-
volume production problem is the flexible manufacturing system.
In the mid-volume range, the advantages of the FMS over stand-alone NC are that
the production of several products can be intermixed, and production rates are higher.
Instead of batching the products one at a ti me on a NC machine to meet the
requirements, the various products can be made simultaneously on the system. The setup
time for changeover is minimized with an FMS, so the economic batch size reduces to
one at the same time that the average production rate increases. Intermixing of products
on the system permits the output rate of each product to be set at its corresponding
demand rate. This reduces the work-in-process and the final product inventories that are
so typical of batch production methods.
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Figure 2.1 General application guidlines for the flexible manufacturing system.
The advantage of the flexible manufacturing system over a transfer line is
flexibility. The FMS can be used to run a variety of product configurations, whereas the
transfer line can produce only one or a limited number of product types.
2.1.4 Material Handling and Storage Systems
One major component of an FMS is its material handling and storage system. It
should perform the following functions in an FMS (Groover, 1987):
1. Random, independent movement of workparlS between workstations.
This means that parts must be capable of moving from any machine in the system
to any other machine. This allows the system to achieve various processing
sequences on the di fferent machines in the cell, and to make substitutions when
certain machines are busy.
2. Handle a variety of workpQ1t configurations. For prismatic parts, this
is usually accomplished by using pallet fixtures in the handling system. The
fixture is located on the top of the pallet and is designed to accommodate
different part configurations by means of common components, quick-change
features, and other devices that permit rapid build up of the fixture for a given
part. The base of the pallet is designed for the material handling system. For
rotation parts, industrial robots are often used to load and unload the tuming type
machine tools and transfer parts between workstations.
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3. Temporary storage. The number of parts in the FMS typically exceeds
the number of parts actually being processed. In this way, each machine can
have a queue of parts waiting to be processed. This helps to increase machine
utilization.
4. Convenient access for loading and unloading workparts. The handling
system must provide a means to load and unload parts from the FMS. This is
often accomplished by having one or more load/unload stations in the system.
Manual operators are used to build up the pallet fixture, load the parts, and
unload the finished parts when processing has been completed.
5. Compatible with computer control. The handling system must be capable
of being controlled directly by the computer that directs it to the various
workstations, load and unload stations, and so on.
The material handling system establishes the FMS layout. The type of layout
configurations commonly found in today's flexible manufacturing system can be divided
into the following five categories (Groover, 1987):
1. In-line
2. Loop
3. Ladder
4. Open-field
5. Robot-centered cell
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2.2 PCs and PLCs Together As Control Devices
2.2.1 Computer Control Systems
The functions that can be accomplished by the computer control system can be
divided into the following eight categories (Groover and Zimmers, 1984):
1. Machine control. This is usually accomplished by computer numerical control
(CNC). The advantage of CNC is that it can be conveniently interfaced with the
other elements of the computer control system.
2. Direct numerical control (DNC). Most computer-integrated manufacturing
systems operated under DNC. In some of the special systems which are dedicated
to a limited part variety, CNC may be a sufficient control method for the system.
The purpose of direct numerical control is to perform the usual DNC functions,
including NC part program storage, distribution of programs to the individual
machines in the system, postprocessing, and so on.
3. Production control. This function includes decisions on part mix and rate
of input of the various parts onto the system. These decisions are based on data
entered into the computer, such as desired production rate per day for the various
parts, number of raw workparts available, and number of variable pallets. The
computer performs its production control function by routing a pallet to the
load/unload area and providing instructions to the operator to load the desired raw
part. A Data Entry Unit (DEU) is located in the load/unload area for
communication between the operators and the computer.
4. Traffic control. This term refers to the regulation of the primary workpiece
transport system which moves parts between workstations. This control can be
accomplished by dividing the transport system into zones. A zone is a section of
the primary transport system (towline chain, conveyer, etc.) which is individually
controlled by the computer. By allowing only one cart or pallet to be in a zone,
the movement of each individual workpart is controlled. The traffic controller
operates the switches at branches and merging points, stops workparts at machine
tool loading points, and moves parts to operator load/unload stations.
5. Shuttle control. This is concerned with the regulation of the secondary part
handling system at each machine tool. Each shuttle system must be coordinated
with the primary handling system, and must also be synchronized with the
operation of the machine tool it serves.
In cases where there is only one parts handling system (rather than a
primary and secondary handling system) the function of traffic control and shuttle
control may be combined. This would be the case in some of the special systems
and certain robot work cells.
6. Work handling system monitoring. The computer must monitor the status
of each cart and/or pallet in the primary and secondary handling system as well
as the status of each of the various workpart types in the system.
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7. Tool control. Monitoring and control of cutting tool status is an important feature
of the computer system. There are two aspects to tool control: accounting for the
location of each tool in the FMS and tool-life monitoring.
8. System perfonnance monitoJ1ng and reporting. The system computer can be
programmed to generate various reports desired by management on system
performance.
These computer functions. can be accomplished by any of several different
computer configurations. One computer can be used for all components of the FMSs,
or several different computers can be used. Up to three levels are practical in a given
manufacturing system. CNC would be used for control of each individual machine tool.
DNC would be appropriate for distribution of part programs from a central control room
to the machine. A third level would concern itself with production control, the operation
of the work handling system, tool control, and generation of management reports.
2.2.2 PLCs
Programmable Logic Controllers are one of the most common low level
controllers used on the shop floor. A typical PLC can be divided into three parts as
illustrated in Figure 2.2. These three components are the central processing unit (CPU),
the input/output (I/O) section. and the programming device (Groover and Zimmers,
1984) .
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1. CPU. The CPU is the "brain" of the system. The CPU is a
microprocessor-based system that replaces control relays, counters, timers, and
sequencers. It accepts input data from various sensin~ devices, executes the
stored user program from memory, and sends appropriate output commands to
2.
the control devices.
,-----
liD sft'Ction.
/
./
The I/O section consists of input modules and output
modules. The purpose of the I/O section is to condition the various signals
received from or sent to the external devices. Input devices such as push buttons,
limit switches, photo sensors, selector switches, and thumbwheel switches are
hard-wired to terminals on the input modules. Output devices such as small
motors, motor starters, solenoid valves, and indicator lights are hard-wired to the
terminals on the output modules.
3. Programming device. The programming device or terminal is used to enter
the desired program into the memory of the processor. The program can be
entered using ladder logic language which is one programming language of PLCs.
Figure 2.3 is an example of a sample ladder logic program. The program
determines the sequence of operation and ultimate control of the equipment or
machinery. The programming device can be a hand-held unit with a light
emitting diode (LED) display, a desktop unit with a cathode-ray tube (CRT)
display or a personal computer.
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PLCs offer several advantages over conventional relay control. The PLC has
eliminated much of the hard-wired requirements associated with conventional relay
control circuits. It is small and inexpensive compared to equivalent relay-based process
control systems. It also offers solid-state reliability, lower power consumption, and ease
of expendability. Unlike the computer, the PLC is designed to operate in the industrial
environment with a wide range of ambient temperature and humidity. A well-designed
PLC is not usually affected by the electrical noise that is inherent in most industrial
locations.
The PLC is used in a wide variety of control applications today. Applications for
the PLC can be categorized in a number of different ways, including industrial and
general application categories. Industrial applications include many in both discrete
manufacturing and process industries. Automotive industry applications, the genesis of
the programmable controller, continue to provide the largest base of opportunity. Other
industries, such as food processing and utilities, provide current development
opportunities.
There are five general application areas in \vhich programmable logic controllers
are used. These five areas are as follows (Johnson, 1987):
1. Sequence coTltrol. This is the largest and most common application for PLCs
today, and is the closest to traditional relay control in its "sequential" nature.
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Sequential control is found on individual machines or machine lines, on conveyor
and packaging machines, and even on modern el\?vator control systems.
2. Motion control. This is the integration of linear or rotary motion control in
the PLC. This could be a single or multiple axis drive control system, and can
be used with servo, stepper, or hydraulic drives. Examples of this control include
metal cutting (grinders, lathes and milling machines), metal forming (press
brakes), assembly machines, and other applications requiring multiple axes of
motion which can be coordinated for both discrete part and process industry
applications.
3. Process control. This is the ability of the PLC to control a number of
physical parameters such as temperature, pressure, velocity, and flow. It involves
the use of analog (continuous variable) I/O to achieve a closed-loop control
system. The use of Proportional-Integral-Derivative (PID) software allows the
PLC to replace the function of stand-alone loop controllers. Typical examples of
applications include plastic injection modeling machines, extrusion process
machines, heat treat furnaces, and many other batch-type control applications.
4. Data management. With the advanced instruction sets and expanded variable
memory capacities of the new PLCs, it is now possible for the system to act as
a data concentrator, collecting data abollt the machine or process it is controlling.
This data can then be compared to reference data in the memory of controllers,
or can be sent via a communication link to another intelligent device for analysis
or report generation. Data management is frequently found on large material
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handling systems, in unmanned flexible manufacturing cells, and in many process
industry application.
5. Communications. This is the power for a PLC to have a "window" to other
PLCs and intelligent devices. . One of the most active development areas in
today's industrial control arena and much Local Area Network (LAN) activity is
currently driven by the Manufacturing Automation Protocol (MAP)
communications standard. MAP, an activity initiated by General Motors, is
intended to connect multi-vendor intelligent devices. Communications are most
often used with a factory host computer, for the purpose of collecting process data
and configuring the controllers for a certain production sequence.
These applications may be found alone, or in combination on a variety of
apparatus.
2.2.3 The Integration of PCs and PLCs
The major weaknesses of PCs was their inability to withstand harsh environment,
their lack of real-time operation and operating systems, and their lack of priority-
interrupt capability. To the PCs credit, it could provide multifunction capabilities
typically not available from the PLCs, such as extended mathematic functions, database
manipulation. and multi language capabilities. Its graphic capabilities let operators "see"
factory operations, it could be easily programmed by the user, and it was inexpensive.
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The major weakness of PLCs was that they did not have a good operator
interface; they did not do other tasks, such as extended mathematic functions and
database manipulation very well; and they were expensive, compared with the industrial
workstation. To the PLCs credit, most vendors provide some type of personal computer
that has been altered to handle the manufacturing environment and that easily interfaced
to PLCs to provide customers with a good operator interface. Vendors have also added
coprocessors to handle the mathematic and other needs of factory operation (Anon,
1989).
Once an integrated system of PCs and PLCs was created, it become clear that
each one's strengths complemented the other's weaknesses. For example, to develop a
PC-based control system, a number of expensive, time-consuming integration tasks must
be handled: solving problems caused by real time software limitations of MS/DOS;
selecting and purchasing I/O for the particular application; interfacing the I/O subsystems
to the PC; writing software to support the I/O interface; and finally, writing the control
software for the application itself. This explains why many PC-based control systems
use programmable controllers to handle the real-time I/O and control tasks.
The cell control is an important application for PC/PLC combinations. According
to the National Electrical r-.lanufacturing Association. the mlI11mUm tasks of a cell
controller are (Murphy, 1988):
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1. Communicate production information with an operator, higher level device, or
both.
2. Coordinate and supervise at least one other independent production device which
handles machine or process I/O.
3. Locally store and retrieve production information.
It has been estimated that approximately 21 % of all cell controllers in use today
are based on personal computers. In a typical application, the PC retrieves and sends
information to multiple PLCs, which are controlling individual machines performing
related tasks. In addition to collecting, displaying and storing information for operators,
the PC performs supervisory functions to coordinate the individual PLCs. Many
software packages allow simultaneous communication with different PLC models, making
PCs very effective for many cell control applications.
Other typical PC/PLC integrated system applications are listed as follows
(Murphy, 1988):
1. Data acquisition and analysis. One example of this application is on-line
Statistical Process Control (SPC) or Statistical Quality Control (SQC) testing. In
this type of application, the PLC gathers operational data in real-time, transmits
it periodically to a PC, which then does a statistical analysis on the data.
'1
.... Process monitoring and operator ifllelface. PCs and PLCs are often
combined to provide a real-ti me "window" into the production process to allow
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greater operator supervision and control. Industrial terminals and PCs are taking
the place of control panel instrumentation. Using data sent from the PLCs, the
PC can display all critical values, show the production processes graphically,
signal alarms, and accept operator inputs to control or modify the process. Third-
party software packages, such as Lotus 1-2-3 and advanced graphics programs,can
be used on the PCs to display production data, shift summaries, and other useful
operator or supervisory information.
2.2.4 PC/PLC Interface
Connecting a PC to a PLC is not a difficult task. The hardware interface, in most
cases, is RS-232C or RS-442, so the connection is straight-froward. Typically, it
requires running a cable from the PC's RS-232C/RS422 port to the PLC, which may
have a build-in port or interface module.
Some PLCs offer the equivalent of a host link module which allows a computer
to "talk" to PLCs using simple ASCII commands. The host link modules accept data
from RS-232C, RS-442, or fiber optic links and offer selectable transmission rates to
19.2K baud. 1\'1ultiple PLCs usually can be networked with one PC. For example, up
to 32 Omron PLCs can be connected to one PC with the use of link adapters.
The PC has software to support the RS-232/RS422 communications link. Both
PC/DOS and MS/DOS have built-in software for dealing with terminals, and can receive
and transmit 8-bit ASCII data. The PC, however, has to be programmed so that it can
send and receive data in the ASCII command format expected by the PLC.
Many users develop their own software for PC/PLC process control and
monitoring applications. However, as the PC-PLC combination has grown in popularity,
PLC vendors and third-party software suppliers have started making a wide variety of
standard software packages for PC/PLC application. These standard packages typically
offer high-quality graphics, have many built-in features, and are easy to use.
2.3 Case Study
2.3.1 Case Study I
Dr. Kennetch E. Dudeck at Pennsylvania State University presents a design of a
control system which uses the personal computer as a versatile and indispensable system
component for process development, control, and on-line supervision (Dudeck, 1989).
The incorporation of the PC as an interface to a PLC is shown to be an analytically
useful link in acquiring the data necessary for process development, while PC utilization
continues to be cost effective for systems with existing processes. A ladder logic
programming philosophy along with the PC interface, is presented which initially allows
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for the construction and the safe operation of the system in the process development
phase. Examples of MS-DOS BASICA source code used with a commercially available
Allen Bradley to PC drive package are included to illustrate the programming techniques
which yield the versatile PC/PLC interface.
Introduction. A controlled diffusion pump vacuum evacuation sequence
is an example of an initially undefined process. Classical vacuum technology can predict
theoretical operation characteristics such as:
1. Theoretical minimum attainable pressure.
2. Maximum safe diffusion pump foreline pressure
3. Ideal pump down time.
Actual operational performance such as:
1. Actual minimum attainable pressure.
2. Foreline pressure rise and duration during vacuum "cross-over".
3. Actual pump down time.
can not be predicated.
Control System Requirement. The PC/PLC acquisition and control
interface components and configuration are shown in Figure 2.4. These components are:
, 1.
')
.....
Allen Bradley family 2 PLC with appropriate I/O capacity for control task.
Allen Bradley 177l-KG RS232 communication module. The module provides
serial communication between the PLC and the Pc.
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3. IBM-XT personal computer or equivalent, with 64K RAM.
Intelligent I/O. The Allen Bradley PLC has the capacity to deal with analog
information. The implementation of a proportional-integral-derivative (PID) intelligent
I/O module is more efficient than the dedicated temperature controller.
Personal Computer Driver Software. The major function of the PC is to
monitor the operation of the system and preserve the observed data for subsequent
process analysis. Commercially available MS-DOS compatible driver software is used
to transfer information between the PC and the PLC memory table.
Conclusions. The connection of all system sensors and devices through the I/O
rack in conjunction with the corresponding ladder logic program, provides the system
with a functional process. The PC/PLC interface provides system observability by
collecting operation data and one-line process supervision. The PC/PLC has applications
which can provide long term manufacturing tasks such as direct inventory updating, yield
statistic, and preventive maintenance schedules.
2.3.2 Case Study II
Spectra-Physics Co. manufactures laser products. For one of its products, a
plasma laser, it designed an oven-assembly system in its R&D laboratory (Samuels,
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/1987). Because the laser requires the automatic control of many variables, particularly
during a firing procedure, the company needed a control system with many inputs,
outputs, and channels. The only type of control the company found that met these
requirements was a PLC. So a Square D SYIMAX Model 700 PLC was chosen to
control the oven, and an IBM PC was chosen to be the PLC's operator interface.
The most important consideration in the design of the furnace control system was
consistency of recipes, 20 at present with a capacity of over 900, means keeping track
of many variables.
Besides this, the properties of the furnace change from one use to the next with
the changing of valves or switches. This must be monitored because it, too, affects the
final product. An operator must be able to enter a program easily, to modify it and
correct for the changing variables.
Through the use of an interface board and Class 8010 type SFW-32l
communication software, the computer was interfaced to the PLC. The software is
basically a subroutine which is used within an IBM BASIC program to read and write
register data contained in the programmable controller. Thus, the computer can
annunciate alarms, produce reports or act as an operator interface. Furthermore, the data
retrieved can be used with various personal computer application programs.
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In the process, a PC was used to monitor and feed information, such as recipes,
into the PLC, and as a "window" into the interior of the furnace. The computer stands
next to the furnace, not far from the PLC. It was grounded, and the CRT screen and
the wire were shielded to prevent electrical noise. Other than this, there is no special
protection for the PC.
The PLC monitors 20 valves, both water and gas, and five instruments: two kinds
of pressure gages, a cryogenics gage, several power meters, and a hygrometer. It
controls four temperature zones with various proportional-integral-derivative algorithms
and it monitors the oven-temperature situation from six thermocouple locations. This
keeps temperature uniform, essential to this complex, precise operation. The PLC also
monitors:
1. 14 water flows.
2. The presence of a pilot flame. Without a pilot flame, the valves are not permitted
to open.
3. Power. On loss of power, all valves closed.
4. The presence of hydrogen. If hydrogen is present during an alarm condition, the
valves will sequence for automatic purging to render the gas load harmless.
2.3.3 Case Study III
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A research project about PLC communication networks has recently been done
by the Square D Company (Metcalf, 1990). The following are some important points
of the research.
Introduction. Except in very small process applications where all aspects of
control are contained in a single programmable logic controller, control is divided into
function areas. Each area must communicate its status to a central coordinating facility
and other PLCs as required by the process architecture.
Network configuration. Each processing facility is unique in its design and
layout, and unique communication networks have evolved to meet the demands of the
facilities they serve. The basic network configuration consists of a single network
stretching from one end of a facility to the other (see figure 2.6). As the number of
devices connected to the network increases, the time required for a given message to
reach its intended destination will increase. Various techniques can be used to minimize
the delay caused by the additional traffic.
To minimize the impact of increased message traffic, a single network can be
divided into smaller, more functional networks (see figure 2.7). Each portion of the
manufacturing facility can be placed on its own sub-network and the individual sub-
networks connected to a main plant network .
.+1
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The arrangement of the elements in a network takes on various shapes or topologies. A
common configuration is a "star" configuration (see figure 2.8). The star network is
characterized by a centrally located node. Each of the elements extends radially for this
central node, much as the different legs of a star extend radially from the body of a star.
Another common configuration is the "ring" configuration (see figure 2.9). The
ring resembles a circular or ring arrangement of communication nodes. A major
advantage of the ring arrangement is that a single break in the ring can be tolerated. An
interruption in the communication between two network neighbors can be overcome by
ro~ting the message in the reverse direction around the ring.
The requirement for continuous communication can be satisfied by installing
redundant communication networks. The loss of a single communication interface will
not prevent a controller from communication with the remaining members of the system.
Redundancy can be implemented at two different levels: Single network, redundant
communication ports; and redundant network, redundant ports (see figure 2.10).
The first level of redundancy is the single network with redundant communication
ports. In this mode, a single controller has the capacity of communicating over a single
network via one of two different communication channels. Redundant networks with
redundant communication ports add an additional level of safety as well as complexity
to system communication.
Figure 2.8 Star configured network
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CHAPTER3 Low Level Command
.. -.............
3.1 Physical Hardware Con~evices
As mentioned, the low level commands control the physical hardware of the
cartrac system. The physical hardware control devices in the cartrac system can be
categorized into the following two groups: input control devices and output control
devices (Lyou, 1990).
3.1.1 Input Control Devices
The sensors used with the programmable logic controllers for the control of the
cartrac system are categorized as manually operated switches and mechanical operated
switches. The logic control of these devices will be interpreted as follows:
Mallually operated switches. A manually operated switch is one that is
controlled by hand. These include toggle switches, push-button switches, knife switches,
and selector switches.
The push-button switches are commonly used by PLC systems. In the IYfanTech
Laboratory, the cartrac control panel (power supply station) uses three illuminated push
buttons for the system control. One of these push buttons is to start and run the cartrac
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system. The second push button is used as a normal stop switch and stops the system
under a normal status. Another push button is provided for emergency stops in case of
system faults or other hazardous conditions.
Selector switches and push buttons were used at each control station before the
proposed change were implemented. Under the old control system, the direction of the
cart was determined manually by using selector switches. The momentary contact push
buttons on the control stations were used to release a cart at station 2 or return the shuttle
to station #11 from station #13. Other locking push buttons are employed as emergency
stops on the control stations.
Mechanically operated switches. A mechanically operated switch IS one
controlled automatically by such factors as pressure, position or temperature. These
include limit switches, proximity switches and temperature switches.
The limit switch is a very common industrial control device. Limit switches are
designed to operate only when a predetermined limit is reached, and they are usually
actuated by contact with an object such as a cart or a shuttle. Limit switches are used
in the cartrac system to govern the starting, stopping or reversal of motors and release
of the carts blocked by the pneumatically operated brakes .
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Proximity switches are part of a series of solid-state sensors. They sense the
presence or absence of a target such as a cart without physical contact. The six basic
types of the proximity switches are magnetic, capacitive, ultrasonic, inductive, air jet
stream, and photo electric. Photo sensors have been installed in the cartrac system to
detect whether carts are situated on the shuttles or not. Other photo sensors installed at
station #1 and station #2 also provide a function to detect whether a tote is present on a
<"'
cart. Hence, by means of an input signal from the photo sensor, the control system of
the AS/RS to cartrac interface can determine whether to act to load or unload a tote or
do nothing because there is no tote on the cart or on the turntable.
3.1.2 Output Control Devices
A variety of output control device can be operated by the controller output
modules to control traditional industrial processes. These devices include pilot lights,
control relays, motor starters, alarms, heaters, solenoid valves, small motors, and horns.
A solenoid is an electromagnetic actuator that can be used to open and close a
valve, electrical contact or other mechanical device. The solenoids in the cartrac system
control pneumatic valves. They have been installed at all stations in the cartrac system.
Each solenoid can activate a pneumatic cylinder to position a plate to stop a cart. As
referred to in figure 1.3, the pneumatically operated brake is normally in the lock
position. In other words, the cart can not proceed to the next station even though the
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rotating tube is still running. In order to unlock a pneumatically operated brake, a set
of logic conditions such as the status of limit switches, photo sensors, motors, solenoids,
or timers must be fulfilled.
The motor used to drive the rotating tubes is another output device in the cartrac
system. It runs between the two rails and powers the carts. As mentioned above, the
rotating tube can advanced a cart from one station to an adjacent station. The status of
the motor ( ON/OFF) is also determined by a set of logic conditions. Specifically, the
motor can be stopped when a cart or a shuttle touches a limit switch at the arrival station.
3.2 Replacing the PI"eSent PLCs
3.2.1 Present PLC Control System
The cartrac system is currently controlled \by three Allen Bradley PLC/4s.
Another PLC/4 is used to control the AS/RS to cartrac interface. A GE Series One Plus
PLC is responsible for the cartrac to K&T milling center interface.
At present PLC/4 III controls stations 112, 113, 114, 115 and 116; PLC/4 112 controls
stations 1111, 1112, 1113 and 1114; and PLC/4 113 controls of stations tn, 118, 119 and #10
(see figure 1.1). Separate ladder logic programs have been entered in the PLC/4s for
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the logic sequence control in the speci fie region which each PLC is responsible for. The
reason for using three PLCs is that the Allen Bradley PLC/4s have limited memory and
I/O capacities. The PLC/4s have the memory capacity of 640 words and the I/O
capacity of 20 inputs and 12 outputs. The I/O capacity is not expandable, therefore,
three units are required to control the system.
Because there must be communication between the four PLC/4s, they are wired
together using a proprietary loop. This loop is responsible for passing information about
each PLC's input, output and flag bits. The installation of the communication loop
created an integrated system of the PLC/4s that provides a total memory of 2560 words
and a total of 80 inputs and 48 outputs. This meets the control requirements of the
system.
Flag bits are used in the program because more than one PLC is in the loop.
Flag bits function like storage bits, that is, they serve as a "scratch pad" to store
information about the status of various inputs and outputs. The stored information can
be used by other PLC/4s in the communication loop.
3.2.2 Proposed PLC Control system
The proposed change is to use a GE Series One Plus PLC to replace the three
Allen Bradley PLC/4s. The GE PLC has a memory capacity of 1742 words and a total
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of 168 input and output points. The capacity of this GE PLC will be able to meet the
control requirements of the cartrac system.
3.2.3 Remote I/O
A function provided by the GE Series One PLC is remote I/O. By using remote
I/O, I/O modules can be located in a rack convenient to the input sensors or the output
devices being controlled by the PLC at a distance of up to 0.6 miles from the PLC. This
is accomplished by installing a "Link Local" module in the PLC's CPU rack, a "Link
Remote" module in the distant I/O rack and connecting them through a single twisted-
pair cable.
It is proposed that remote I/O will be used in the new control system. The new
design includes two remote I/O racks, one at the original PLC/4 #1 position and the
other at the original PLC/4 #2 position. The CPU rack is placed at the original PLC/4
#3 position (see figure 3.1). Each of the remote I/O racks can contain 24 I/O points in
this design. Thus, there will be enough I/O points to meet the control requirements.
One important reason for using the remote I/O technique is that the physical
hardware control devices are wired to three separate locations. Changing the hardware
wiring can be a time-consuming task. In the new control system, the CPU rack and the
remote I/O racks are to be placed in the same compartments that origin5111y housed the
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Allen Bradley PLC/4s. Each of the remote I/O racks will still be wired to those I/O
devices that were connected to the original PLC/4s. By using the above design, the
communication loop between different PLCs can be eliminated and the flag bits will not
be necessary. Furthermore, the ladder logic program will be in one CPU, and the
changes in the wiring can be minimized.
3.3 Programming Technique
One disadvantage of the current programming technique is that the large programs
are difficult to understand and debug. More importantly, the current configuration does
not allow the use of a high level computer such as an IBM 7552 cell controller and it still
needs manual control stations. Thus, it is not a completely automated system and will
not function in the proposed flexible manufacturing cell. In the new system, these large
programs have been divided into several small ladder logic programs. Each of the small
ladder logic programs executes a low level command, which controls the movement of
a cart or a shuttle between two adjacent stations. An important characteristic of the low
level commands is that each one is an independent program. The logic sequence of each
.command is not influenced by other low level commands. Furthermore, the modification
of one low level command program will not affect the others.
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For the proposed control technique, 23 low level commands have been defined
to move carts or shuttles between adjacent stations. The system layout is shown in figure
3.2. The 23 low level commands are listed as follows:
1. Cart moves from station 2 to station 3
2. Cart moves from station 3 to station 2
3. Cart moves from station 3 to station 9
4. Cart moves from station 9 to station 8
5. Cart moves from station 8 to station 7
6. Cart moves from station 7 to station 8
7. Cart moves from station 7 to station 6
8. Cart moves from station 6 to station 5
9. Cart moves from station 5 to station 4
10. Cart moves from station 4 to station 3
11. Cart moves from station 3 to station 4
12. Cart moves from station 7 to station 10
13. Cart moves from station 10 to station 7
14. Cart moves from station 10 to station II
15. Cart moves from station 11 to station 10
16. Cart moves from station I 1 to station 12
17. Cart moves from station 12 to station 11
1S. Cart moves from station 10 to station 13
19. Cart moves from station 13 to station 10
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20. Cart moves from station 13 to station 12
21. Cart moves from station 12 to station 13
22. TR3 moves from Home to Away
23. TR3 moves from Away to Home
Note: Two positions for TR3:
1. Home position: TR3 next to K&T milling machine.
2. Away position: TR3 next to Robot.
3.4 Implementation of Low Level Commands
3.4.1 Program Structure
The proposed low level commands are better organized, easier to understand and
easier to modify. Programmers can modify one low level command without affecting
another low level command and without considering the logic sequence of a cart on a
system level. A typical structure of a low level command is shown in figure 3.3.
The typical low level command can be divided into the following two sections:
Logic conditions section: A set of logic conditions that must be satisfied in order to
execute a low level command.
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Master control section:
a section of the program.
A master control instruction can be used to tum ON/OFF
Details of these two sections will be discussed in the following paragraphs.
3.4.2 Logic Conditions
A low level command can be executed only when a set of conditions, which
mostly deal with hardware status, is satisfied. These logic conditions are usually placed
in the first two rungs of a low level command's ladder logic program. The path of logic
conditions, which is the set of logic condition to be satisfied, must be completely closed
before the PLC activates the logic sequence of a low level command. Otherwise, the low
level command will have a "false" status and will not start execution. The PLC
continues to scan the rest of the low level commands until one or more commands have
a "true" status. Then the PLC will perform the logic sequence contained within these
commands.
As shown in figure 3.3, rung 1 and rung 2 contain a set of logic conditions that
must be met to execute the low level command tt I. This command moves a cart from
station 112 to station 113. The following logic conditions must be satisfied for this low
level command to be activated.
1. A cart is available at station 112, detected by 030 (LIOI).
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2. A pneumatic valve at station 112 that releases the cart from the station is not
activated. Therefore, even if the rotating tube that powers the cart is rotating, the
cart will stay at station 112. This condition is detected by 040 (QSlOl).
3. The motor which powers the rotating tube to move the cart from station 113 to 8-
.-/
station 112 is not activated. This state is detected by 044 (MlOl).
4. The motor which rotates the tube to move shuttle 111 from station 114 to station 113
is not activated. This state is detected by 045 (M 102).
5. The motor which rotates the tube to move shuttle III from station 113 to station 114
is not activated. This state is detected by 046 (M102).
6. Shuttle III is present at station 113 position. This state is detected by 032(L102).
7. A pneumatic valve at station 113, which pulls a non-powered tube at statiQn 113 into
contact with a powered tube at station 119, is not activated. This state is detected
by solenoid 042 (PS101).
8. A pneumatic valve at station 113, which pushes a non-powered tube at station 113
into contact with a powered tube at station 112, is not activated. This state is
detected by solenoid 041 (PS 101).
9. No cart is present at station 113 is detected by 031 (L 101).
10. A signal from the supervisory controller to activate the low level command is
sent. This instruction enables the high level command to activate the low level
-"
commands according to the sequence that is programmed into the high level
command. This state is detected by 1161.
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11. Low level command #11, which moves a cart from station #3 to station #4, is not
activated. Because of hardware restrictions these two low level commands can
not be activated at the same time. This state is detected by 1256.
12. I160 is an internal coil which is used to separate the logic conditions on a large
rung into two smaller rungs that can be represented on the PLC.
As mentioned, the logic conditions listed above deal mostly with the hardware
status of the system. All 23 low level commands use the same concept to verify the
hardware status before a low level command can be executed.
3.4.3 Master Control
The master control instruction was used to control large quantities of coils on a
supervisory basis. The master control instruction is represented with the symbol (MCS)
at the beginning of the section and (MCR) at the end (see figure 3.3). This function
allows the programmer to tum off sections of program if certain logic conditions are not
meet. The method is to bracket those rungs over which master control is desired. This
is similar to quotations mark around a direct statement, one at each end to define exactly
where the statement starts and where it ends.
The master control is an action instruction. \Vhen the master control rung
condition is "true," such as when I 162 instruction in figure 3.3 is closed. the referenced
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output is activated and all rung outputs within the master control zone can be controlled
by thei"r respective input conditions. On the other hand, if the master control rung
condition is "false," all non-retentive outputs in the bracketed zone will be de-energized.
As shown in figure 3.3, 1162 is open because the set of logic conditions is not
satisfied. Therefore, the master control rung is "false" and all outputs in the master
control zone, which includes all the rungs except the first two rungs of the program, will
be de-energized. After the logic conditions have been satisfied, 1162 will activate and
will stay activated. As soon as the 1162 is on, the master control rung is "true" and all
rung outputs in the master control zone can be controlled by their respective input
conditions. Thus, low level command III starts executing. The only way to turn off
1162 is to activate the normally closed 1163, which indicates that this low level command
has completed. 1163 also serves as an indicator to the supervisory computer that the low
level com mand has completed.
3.4.4 Timers
Timers in PLCs are devices that provide the same functions as mechanical timing
relays. According to the function they perform, timers in a low level command can be
categorized as follows:
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Stopwatch timers. The first type of ti mers used in the low level commands is
"stopwatch" timers. This type of timer was used to active and deactivate devices after
a preset amount of time. Because only limited numbers of timers are available in a PLC,
the same timer was used for both on-delay and off-delay in a low level command. An
example of this type of timer is T600 in figure 3.3.
Watchdog timers. The second type of timer is the "watchdog" timer. It
serves as a detector of system failure. If a low level command does not complete 30
seconds after it starts, the system failure signal (I165 in figure 3.3) will be activated and
will be sent back to the cell controller where emergency stop functions will be
performed. Different low level commands use different internal coils as system failure
detectors. Therefore, the cell controller can show the operator where the system failure
occurred by analyzing the system failure detectors.
3.5 Benefits of the Low Level Commands
The benefits of low level commands are as follows:
1. It is part of a completely automated system which was designed to be the heart
of a flexible manufacturing system. Manual control stations are no longer needed.
'")
..... The originally very large ladder logic program was divided into small,
independent parts that are much easier to program. understand and debug.
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3. Because each low level command is independent, it can be modified without
affecting other low level commands.
4. Different high level commands can be accomplished by organizing the low level
commands in different orders. Thus, when programming a low level command,
little knowledge is needed about the system level functions.
5. Using one PLC instead of three simplifies the programming work and the system
design by eliminating the use of the communication loop and flag bits.
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CHAPTER 4 High Level Command
4.1 High Level Language
4.1.1 Language Considerations
When choosing the high level language for the high level commands, the designer
should be aware that a general-purpose language such as FORTRAN, PASCAL or C++
cannot be used in a real-time process control without the help of other control devices
or a significant amount of modification. The user needs to evaluate the various language
options carefully to make sure that the selected one meets the needs of the application.
The major functional areas to be considered in such an evaluation include:
1. /ntelfacing with the process. . Most of the. popular high level
languages are designed for a data processing environment in which information
is read or written to data files in memory or to various computer peripherals
(e.g., disks, CRTs, magnetic tape units, or printers). However, in a process
control environment, information transfer involves continuous devices (such as
thermocouples, differential pressure transmitters, or valve positioners) and
sequential devices (such as limit switches or motor starting relays). Ideally, the
user of the high level language should be able to write input and output statements
that manage this flow of information with minimal human intervention.
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2. Coping with the real-time environment. The second area of functional
requirements for the high level language deals with the fact that the language has
to operate in a real-time rather than an off-line or batch-processing environment.
The language must have the following features to be suitable for operation in the
real-time environment:
(a) Interrupt-handling capability to allow programs to respond to external
events.
(b) Ability to schedule multiple application programs or tasks executing
II simultaneously II (multi-tasking).
(c) Ability to manage resources that must be shared by different tasks.
3. Interfacing with other elements in a distJibuted control system.
The designer has to consider the facility of the language for communication with
devices within the distributed control system other than the sensors and actuators
discussed earlier.
4. Providing security safeguards. The language should contain security
safeguards to ensure that failure and errors in the system do not cause an unsafe
condition.
4.1.2 Choice of High Level Language
Before the early 1980s, high level programmll1g languages were restricted
primarily to larger mini-computer systems used in direct digital control, supervIsory
65
control, or data acquisition applic:!tions. However, this situation has changed
significantly in the last several years. Through the increasingly widespread use' of
personal computers, high level commands can be implemented using a high level
language, such as C+ +, to control the low level commands in the PLCs. Among the
large variety of high level languages, C++ was chosen to control the cartrac system for
the following reasons:
1. Most operations that can be performed on the personal computer In assembly
language can be accomplished in C++.
,- -
2. C+ + is a well-struc'tured language. Its syntax makes it easy to write programs
that are modular and therefore easy to understand and maintain.
3. The better C++ compilers can now generate code that is efficient. Compared
with C++ it is often difficult to produce significant speed increases by writing
in assembly language.
4. The C+ + language includes many features specifically designed to help in the
creation of large or complex programs.
5. C++ is more portable than most languages. That is, a C++ program can be
easily converted to run on different computers.
4.2 Activating and Grouping the Low Level Commands
One important characteristic of a low level cOlllmand is its independence from the
operations of other low level commands. Therefore. the high level command can move
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a cart on a desired route by grouping the low level commands and activating them
according to a certain sequence, much like a high level programming language sequences
machine code to accomplish a task.
4.2.1 Activating the Low Level Commands
To activate a low level command, a high level command must provide proper
input signals to the low level commands. The output signals from the high level
command are converted into the input instructions of the low level commands through
an interface device or program bridged between the PC and the PLC.
Figure 3.3 shows the ladder logic program for low level command #1. The input
instruction 1161 in rung 2 is one of a set of logic conditions required to start command
#1. In order for the high level command to start a low level command, such as
command # I, the input instruction Il61 must be activated by the high level command,
in addition to the set of logic conditions in rung 1.
4.2.2 Grouping the Low Level Command
Using the above technique, a high level command can activate a low level
command by sending an activating signal. By activating the low level commands
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according to a certain sequence, a high level command can move a cart on a desired
route. In the proposed control system, 21 high level commands have been defined:
O. No command.
1. From AS/RS to K&T milling machine.
2. From AS/RS to robot.
3. From AS/RS to queuing station.
4. From AS/RS to loop.
5. From queuing station to K&T milling machine.
6. From queuing station to robot.
7. From queuing station to AS/RS.
8. From queuing station to loop.
9. From K&T milling machine to AS/RS.
10. From K&T milling machine to robot.
11. From K&T milling machine to queuing station.
12. From K&T milling machine to loop.
13. From robot to AS/RS.
14. From robot to K&T milling machine.
15. From robot to queuing station.
16. From robot to loop.
17. From current station to K&T milling machine.
18. From current station to robot.
19. From current station to queuing station.
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20. From current station to loop.
21. From current station to AS/RS.
Each high level command consists of a set of low level commands sequenced in
a special order. For example, when high level command # 1 is activated and a cart is
moving from the AS/RS to the K&T milling machine, the following low level commands
must be grouped sequentially to route the cart:
1. Transfer a tote from the AS/RS to the cartrac system. This low level command
is currently not one of the 21 low level commands described earlier. Instead, it
is controlled by the Allen Bradley PLC/4 which is responsible for the AS/RS to
cartrac interface.
2. Command #1: Move cart from station #2 to station #3.
3. Command #3: Move cart from station #3 to station #9.
4. Command #4: Move cart from station #9 to station #8.
5. Command #5: Move cart from station #8 to station #7.
6. If K&T milling is busy or there are carts with a higher priority moving in or out
station #10, the sequence continues with step 7. Otherwise it goes to step 12.
7. Command #7: Move cart from station #7 to station #6.
8. Command #8: Move cart from station #6 to station #5.
9. Command #9: f\10ve cart from station #5 to station #4.
10. Command #10: Move cart from station #4 to station #3.
11. Go back to step 3, Command #3.
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12. Command #12: Move cart from station tn to station #10.
13. Command #18: Move cart from station #10 to station #13.
14. Command #23: Move TR3 from away position to home position.
15. Transfer tote from station #13 to station #14. This low level command is not
currently one of the 21 low level commands. Instead, the logic sequence of this
command is controlled by a GE Series One Plus PLC which is responsible for the
cartrac to K&T milling machine interface.
16. Notify the cell controller that high level command # I has been completed.
Figure 4.1 shows the flow chart of the logic which performs high level command
#1, that is, move from the AS/RS to the K&T milling machine. The programming
technique for the other high level commands is similar to that of the high level command
discussed above. The "dynamic data structure," a technique used for grouping and
sequencing the low level commands, will be discussed in the following sections.
4.3 Implementation of High Level Commands
4.3.1 Dynamic Data Structure
The program for a high level command consists of a dynamic data structure
formed by linked lists. Unlike an array, a linked list may not access its storage in a
random fashion because each piece of information carries with it a link to the next data
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Figure 4.1 Flow chart of high level command #1
item in the chain. A linked list requires a complex data structure. Its retrieval operation
does not remove and destroy an item from the list. Linked lists are used for the
following two main purposes:
1. Create arrays of unknown size ill memO/yo If the actual size of the list is
unknown, a list must be used. By using this technique for the high level
commands, the operator can input data dynamically without considering the total
number of carts in the system.
2. Disk-file storage of databases. The linked list allows an operator to insert
and delete items quickly and easily without rearranging the entire disk file.
A linked list consists of structures related to one another by pointers, rather than
by specific memory location as in an array. The basic idea is that each structure on the
list contains pointers that point to the previous or next structure or both. The pointers
in the first or last structure on the list that point to nothing will be given a value of null.
Figure 4.2 shows how the high level commands are arranged in a linked list for several
carts simultaneously running in the system.
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4.3.2 Elements in the Linked List
Two types of structures have been declared in the linked lists of the high level
commands. One data structure which assigns a high level command to each cart is
named "cart structure." Another one which links the stations and starts the low level
commands is named "station structure." The elements of the data structure "cart
structure" on the linked list (see figure 4.2) are defined as follows:
1. Command. This element indicates which high level command has been
assigned to the cart. It is defined by the operator.
2. Ptiotity. This element shows the priority of the cart in the system.
It will be discussed in section 4.4.2.
3. CQlt number. A ~art number is automatically assigned to each cart in order
to distinguish it from the others.
4. StQlt statioll. This element indicates the starting station of the cart while
executing a high level command. It is defined by the operator when a cart is
added to the system. It will be updated by the program as the cart moves and
does not need to be entered again.
5. Previous caft. This element is a pointer that points to the previous
"cart structure." This pointer in the first "cart structure" on the list is pointing
to null.
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6. Next carl. Similar to the "previous cart," this pointer points to the next
"cart structure" on the list. This pointer in the last "cart structure on the list is
pointing to null.
7. First station. This element is a pointer that points to a different data
structure: "station structure." This pointer points to the first "station structure"
followed by the "cart structure". This pointer is generally not moved.
8. Current station. This pointer points to the "station structure" at which the
cart is currently situated. It is movable and will point to the next "station
structure" as soon as the cart proceeds to the next station.
9. Last station. This pointer indicates the last" station structure" on the list
of "station structure" which follows this "cart structure." This pointer is
general Iy not moved.
The elements in the data structure "station structure" are defined as follows:
1.
2.
Now.
Next.
This element indicates the current station of the cart.
This element shows the next station that the cart will proceed to.
3.
4.
Previous station.
structure. "
Next station.
structure. "
This element is a pointer that points to the previous "station
This element is a pointer that points to the next "station
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Low level commands are sequenced according to the specific order required to
create the "station structure" part of the linked lists. It is the order of the "station
structure" that determines the route of the cart. In other words, the order of sequencing
the low level commands will decide how the high level command moves the cart.
4.4 Program Structure
4.4.1 User Interface
A menu driven program was developed as the user interface for the operator to
initialize and control the cartrac system. Figure 4.3 shows the flow chart of the menu.
The main menu has the following options:
1. Define or redefine a cart.
2. Delete a cart or delete all carts.
3. Show cart status.
4. Start the system.
5. Stop the system.
Before running the system, the operator ·must establish the linked list in the
supervisory computer by defining the high level command. If high level command #0
was chosen. there would be no "station structure" linked list for the cart and it would not
move to other stations. The current position of a cart has to be defined by the operator
76
Main menu
Define or
redefine
a cart
Delete a cart
or delete
all carts
Show cart
status
. Start the
system
Stop and
exit
-.}
-.J
Define a
new cart
Redefine a
cart in the
system
Delete a
cart
Delete all
carts in the
system
Yes
Stop
Figure 4.3 High level command menu flow chart
only if it is a newly added cart. The current position of the cart will be tracked by the
program and will not need to be defined again.
A cart can start at any station in the system and can be directed to any station in
the system. For example, a cart currently located at station #2 will have the following
high level commands to choose from:
1. Command #1: Move from AS/RS to K&T milling machine.
2. Command #2: Move from AS/RS to robot.
3. Command #3: Move from AS/RS to queuing station.
4. Command #4: Move from AS/RS to loop.
5. Command #0: No command, cart will not move.
And a cart located at any station other than those stations at the machine tools will be
provided with the following high level commands to choose from:
1. Command #17: Move from current station to K&T milling machine.
2. Command #18: Move from current station to robot.
3. Command #19: Move from current station to queuing station.
4. Command #20: Move from current station to loop.
5. Command #0: No command, cart will not move.
Current movement of each cart will be shown on the monitor of the supervisory
computer to provide the operator with the current condition of the system. A message
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will be shown on the monitor to inform the operator when a cart has reached its
destination or when all carts have reached their destinations.
The operator can hit "X" at any time to normally stop the execution of the system
and go back to the main menu. When the system is stopped in this way, low level
commands currently being executed will continue until they finish. Execution can be
resumed later by selecting the proper choice from the menu.
4.4.2 Priority Rules
The priority rules of the high level commands can be categorized as follows:
System-wide priolity rules. The cart with the higher priority will always move
before the cart with the lower priority if they are moving to the same station. Check
points for these rules are station 113,114,117,118,1110 and 1111. This was made possible
by reordering the "cart structure" linked list before starting the system. The carts are
reordered according to their priorities so that the cart with highest priority will always
be scanned first by the program.
Destination station pliority rules. If two or more carts have the same
destination, the one with the higher priority will arrival at the station first. After it
lea\'es the station or has been removed from the system, the other carts with lower
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priorities will be moved into the station according to their priorities. Similar priority
rules have been set up for carts entering or leaving the machine tool area, with check
points at station #7 and #10.
Priority rules are important for maXIITIlzmg the machine tool utilization and
reducing the manufacturing lead time.
4.4.3 Program Control Sequence
After being initialized by the operator, the supervisory computer program can
start to work. Figure 4.4 shows the program control sequence flow chart.
One characteristic of the program is the ability to run multiple carts
simultaneously in the system. To do this, the program starts by examining the current
status of the first cart. If the first cart is not executing a high level command or the
operation of the low level command is not completed, the program will continue to scan
the status of the next "cart structure" through the pointer of "next cart" on the first "cart
structure." The program will continue to scan through the "cart structure" until one cart,
which has been assigned a high level command and just finished a low level command,
is found. The "current station" pointer will be incremented to point to the next "station
structure" and the next low level command will begin executing. After the last "cart
structure" is scanned, the program will go back to the first "cart structure" and start to
so
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scan again. Because' the operation of the computer is very fast, it controls the start of
the movement of the carts at what appears to be the same time even though the program
scans the linked lists of the carts and the stations sequentially rather than simultaneously.
As mentioned before, the program will continue to scan the "cart structure" and
the" station structure" linked list until all carts have reached their destination or until the
operator hits the "X" key to manual stop.
4.5 Contributions of the High Level Command
The contributions of the high level commands are listed as follows:
1. The programmer that issues high level commands requires little knowledge of the
physical hardware.
2. The logic sequence of the high level commands and the route of the cart can be
easily changed by linking the low level commands in different sequences.
3. Priority rules and queuing station logic have been implemented. This will
increase the machine tool utilization and reduce the manufacturing lead time.
4. Good user interface. The menu driven system is user-friendly and the user
prompts will provide the user with system information.
S. The system can start with carts at any station without system errors.
6. A cart can start at any station and can be defined to move to any st~tion in the
system.
I
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7. The system can be manually stopped by the operator at any time to perform any
function in the menu. After the system is reactivated, the cart will continue to
execute the high level commands that have not been completed.
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CHAPTER 5 Summary
5.1 Summary of Current Work
Upon installation of the interface between the high level commands and the low
level commands, the cartrac system will be a completely automated system which is
controlled by the integration of a PC and a PLC. This will be an important step toward
the creation of a flexible manufacturing system.
This control technique adapts the hierarchical control concept, which divides the
control tasks into high level commands and low level commands. The original, large
ladder logic program was divided into independent parts which are called low level
commands. Currently 21 low level commands have been defined. Each of them will
control the movement of a cart or a shuttle between two adjacent stations. The three
Allen Bradley PLC/4s will be replaced by a GE Series One Plus PLC using remote I/O.
The communication loop and flag bits llsed between PLC/4s will not be necessary.
The high level commands are implemented using a program written in C+ + on
a personnel computer. It controls the carts by sequencing and activating the low level
commands according to certain priorities. Currently, 23 high level commands have been
defined to move carts between any stations in the system. This program also implements
the priority rules and provides a friendly user interface.
S.+
ZWE l'
5.2 Contributions of this Research
The contributions of this research are as follows:
1. It creates a completely automated system. Manual control stations will not be
needed.
2. It will provide a building block for a flexible manufacturing cell.
3. The system can start up with carts at any station without system error.
4. It provides a good user interface. The menu driven system is user-friendly and
the user prompt will provide the user with system information.
S. The high level commands determine the route of the cart by sequencing the low
level commands and thus high level programmers need little knowledge of the
hardware.
6. The logic sequence of the high level commands and the route of the cart can be
easily changed by linking the low level commands in different sequences.
7. The original, large ladder logic program was divided into small independent parts.
Each part can transfer the cart between two stations without the need to consider
the sequence of the cart on a system level.
8. Each low level command can be easily modified without affecting the other low
level commands. Thus, the program are easier to understand and debug.
9. Using one PLC with remote IIOs instead of three PLCs, eliminates the flag
bits and the communication loop which is presently required for communications
between PLCs.
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5.3 Directions for Future Work
At the completion of this project, the cartrac system will be a completely
automated system which will provide the framework for a flexible manufacturing system.
However, there are other automated pieces of equipment in the ManTech Laboratory that
are not linked to the cell controller. Currently the AS/RS system in the laboratory is
linked to the IBM 7552 cell controller. Other automated pieces of equipment that are not
linked to the cell controller are the K&T milling, CNC turning center and robot.
In order to integrate the manufacturing cell in the ManTech Laboratory, additional
low level commands for interface between the cartrac, robot, and CNC will be needed.
Also, enhancement of the high level commands will be necessary. Once these items and
modifications are accomplished, the cartrac system will be the automated material
handling system required for the flexible manufacturing cell and the cell will be an
application of Computer Integrated Manufacturing.
86
BIDLIOGRAPHY
Avon, "PCs vs PLCs. The changing of the guard," Foundry Management &
Technology, Vol. 118, Jan 1990, P 24-25.
Dudeck, Kenneth E, "Process Control and development with personal computers,"
ISA/89 International Conference and Exhibit, Advances in Instrumentation,
Proceedings, Vol. 44, Pt. 2, P 655-600.
Groover, Mickell P., Automation Production Systems and Computer Integrated
Manufacturing, Prentice-Hall, Inc., Englewood Cliffs, N.J., 1987.
Groover, Mickell P., and Zimmers Jr., Emory W., CAD/CAM Computer Aided Design
and Manufacturing, Prentice Hall, Inc., Englewood, NJ,1984.
Hoeard, Ron, "PCs and PLCs duel for control," InTech, Vol 36, N. 11, Nov., 1989, P
38-41.
Johnson, David G., Programmable Controllers for Factory Automation, Marcel Dekker,
Inc. New York, NY, 1987.
Metcalf, Lann, "PLC communication at a glance," Control, Vol. 3, N. 7, July, 1990,
P31-33.
Murphy, Pat, "Pes and PLCs: Parents in Control," InTech, Vol. 35, N. 7, July, 1988,
P 33-36.
Petruzella, Frank D., Programmable Logic Controllers," McGraw-Hill, Inc., Berkeley,
CA., 1989.
Samules, Mark, "PLC and PC Join to Automate Laser Assembly," Production
Engineering, Vol 34. N. 3, Mar. 1987, P 72-74.
Tompkins, James A., and White, John A., Facility Planning, Wiley & Sons, Inc., New
York, NY, 1984.
87
VITA
Mr. Ta-Ping Lu was born in Taiwan, republic of China in June, 1964. He received a
Bachelor of Science degree in Chemistry. from National Tsing Hua University in 1986.
He finished his military service in November, 1988. At this time, he entered the
graduate program of Industrial Engineering at Lehigh University. Now he is planning
to continue his study in business administration.
ss

